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ABSTRACT

NORMAL AND SHEAR STRESS DISTRIBUTION

UNDER A RIGID WHEEL 1N DRY SAND

by

Samuel E. Shamay

Advisor

b Dr. I. R. Ehrlich

May 1971

A very sensitive transducer was developed in order to measure

the normal pressure and the shear stresses simultaneously on the rim
of a rigid wheel moving in fine sand.

Four of these transducers were installed across the wheel width

to measure the lateral stress distribution as well.

A series of tests were conducted for a driven wheel on soft sand.

IThe tests were performed at both positive and negative slip rates.
For each slip rate, the wheel load, the wheel sinkage, the torque

due to the soil on the wheel rim, and the stress distribution in the

soil were measured and recorded.

In order to validate the results, the recorded stresses were

I integrated to yield the forces and moments acting on the wheel-soil

interface. These forces and moments were then compared to the ac-

tual measured forces and torque.

I3
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The measured stress distribution was compared to calculated

stresses using Bekkerts and Sela's equations for pressure sinkage

relationships. Sela's equations yield better correlation than did

those by Bekker, although both are restricted to the zero slip

condition.

For non-zero slip conditions, the actual stress distribution

was compared to the zero slip stresses in order to find the deviation

due to slip.
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I. BACKGROUND

1 1-1 Historical Background

It is traditional to trace the development of vehicle-soil

I mechanics over some two hundred years. However, the foundation of

present theoretical work Is the efforts of the British Army and

Bakker I and his colleagues In the U.S.A. Micklethwalte2 was the first

to apply the principles of civil engineering soil mechanics to the

vehicle problem. More recent work by Evans3 and Uffelman was con-

I fined to frictionless clays. An attempt to develop a theory applicable

to all soils was made by Bekker5 . Although yielding first-order

results, for practical purposes, this theory lacks precision.

Most recently a study by Sela and Ehrlich6'7 presented a signi-

ficant Improvement upon Bekker's method of predicting the performance

I of wheels, tracks, and (other vehicle tractive elements. In order to

obtain a better undtrstaring of the problems Involved, It Is de-

sirable to compare the actul stress distribution beneath a wheel

3 with that predicted by Sela and Ehrlich.

Earlier workers in this field measured the normal stress field

I under wheels by means of various transducers embedded In the soil.

Vincent8 and Hegedus9 used small wheels and measured only the radial

stresses using diaphragm type pressure cells. These methods suffer

I from the disadvantage that tangential stresses are neglected and did

not ascertain the pressure distribution across the width of the rim.

I Uffelman attempted to measure the tangential stresses using a sensing

strip, but he measured the radial and tangential stresses on two

I
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2

different points on the wheel rim, which caused considerable diffi-

10
culties in correlating the data measured. Sela used a single

11
element at the center of the wheel width. Onafeko and Reece measured

radial and shear stresses by a single element which spanned the entire

width of the wheel. Most recently Krick' measured the stress dis-

tribution in three directions (lateral, radial and tangential) to

give a better insight of the problem.

1-2 General Theory

A rigid wheel rolling on soft soil sinks into it and causes

strains end stresses in the soil. These stresses cause the reactions

which balance the system of forces imposed on the wheel (load, drawbar-

pull, torque, ctc.).

Assuming a uniform stress distribution, we resolve the stresses

into normal and tangential components. The norral stresses act per-

pendicular to the wheel axis. Thus the differential normal force

dN , (Figure 1) is giyen by:

Da dN = pb dct

where:

p =pressure b wheel width

N = normal force = angle of action of normal force

A D = wheel diameter

This force can be resolved into a horizontal and vertical component

which contribute in balancing the drawbar-pull DP and load W on

the wheel, respectively.
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Therefore:

dN = dN sina'= p D sinada

and

dN = dN cosoa = pD cosl dc

The shear stresses act tangentially to the wheel circumference.

Thus the differential tangent force dT (Figure 2) is given by:

dT=' s b do

I where:

T tangential force

s= shear stress

This force can be resolved into a horizontal and vertical component,

which contribute to balance the drawbar-pull, DP, and the weight and

load, W:

D.dT = dT cosco = sb'. cosca do'

D
dTv  dT sino = sb_ sino' dci

N is radially directed so it does not contribute to balance the

input torque Q. The only force which balances the input torque Q

is due to the shear stresses:

D2S d. = sb(g) dot

I
I
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Accordingly, the system of forces acting on the wheel, mainly load,

W . drawbar-pull, DP , and torque, Q is ba-lanced by the sum of the

various components of the stresses.

W= N +T f 1 dN + f I dT

D I D a]
b p (ce) cosa dc, + b l s(o) sina d (1)

IDP -N h + Th= f dN h + f dT h

b a ( v s ina dcy + b D ceIa1 cs dcy (2
2~ f~ f~~ ~~cs

I Q Qb(i) f SW dcl (3)j

NOTE: In the integrations above, we assume a uniform stress dis-

I tribution across the wheel width. The experiments show that this

is not true but that the lateral distribution is linear. Then taking
I an average value for p and s we can perform the integrations.

U

U

I
I I
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2. TECHNICAL DISCUSSION

2-1 The Normal Stresses

Equations (1,2,3) are always valid because they are developed

jfrom equilibrium considerations. However, their utility for predicting

wheel performance is very limited, due to the fact that actual stress J
measurements are needed in order to use them.

g Equation (4), describing the pressure as a function of wheel

sinkage and soil F operties, was developed by Bekker based on experi-

ments with flat plates:

k

p = (k + - ) zn = kzn  (4)

where:

p - pressure on a flat plate

z depth of plate penetration

n - a soil property

b - the plate width

k ,k - parameters of the soil
m k

I k k°

Equation (4) has often been criticized on the ground that it is

in contradiction with well established bearing capacity theories and

the dimensions of k , k are a function of n.
c (P

In order to overcome these disadvantages, Reece 13 proposed:

p = (ckt + \o k1) (z/b)n

c (

I

lI
V
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where c. k k , n are true soil parameters independent on plate

size. I
Reece's equation did not yield better results than Bakker's

because they had common shortcomings as stated by Sela:

"They predicted well only in the sinkage range, and for

the plate sizes and shapes near that of the experimental

tests; they are not able to predict well the performance

of plates of greatly different sizes; and they cannot

predict the performance of plates of different shape."

6 
To overcome these shortcomings, Sela and Ehrlich recently de-

veloped an improved equation for flat plates:

h T h

where:

p - the nominal soil pressure under a plate

Pi - the initial soil bearing capacity, independent of
plate shape (a parameter of the soil)

h - the initial soil bearing capacity, dependent on
plate shape (a parameter of the soil)

plate ae
Rh - hydraulic radius of the plate plate area

h plate perimeter

k - the soil strength modulus, independent of plate shape

k - the soil strenqth modulus, dependent on plate shape

z. - the degree of compaction, dependent on previous loads
on the soil (a parameter of the soil)

z the sinkage into the soil, at which the nominal

pressure p is measured

n - the soil sinkage exponent (a parameter of the soil)
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If, in Equation (5) we let:

h
P= Pi + h

and

Ck= k +-cp Rh

We now have:

i, sp = PO + k(z i + z)n (6

Experiments indicate that po .ends to be zero in frictional

Isoils; therefore, for sand, which is purely frictional,

p = k(z i + Z)n (7)

2-2 The Shear Stresses

The shear stress distribution, is a much more complex

problem, because it is a function of wheel slip. Many theories have

been developed to understand and solve the problem, but up to now,

none have been able to predict accurately the shear stress distribu-

tion under a rigid wheel rolling in sand. The following is a brief

summary of these works.

u Bekker proposed a general equation to describe all the possible

forms of the experimental shear stress-deformation curve. He did

this empirically by adapting an equation relating the displacement

and natural frequency of a periodic vibration which gave the desired

form of the curve.

II
I
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S= (c + ptanq)[ k- (8)
Ymax max

where:

I ki, k2  are soil deformation constants

Ya is the maximum value of the exponential obtained£Ymax by substituting jma

Jmax the deformation for maximum shear

Measurements and calculation of kl, I2  are very tedious and

I inaccurate. Sela developed a more precise but somewhat complicated

way of measuring these values.

A much simpler experimental equation was proposed by Janosi
15

which only involved the two strength parameters and one deformation

= constant K. The soil shear stress is given by:

-- s = (c + ptancp)(l - e ) (9)

I Equation (9), much easier to manipulate, is today widely used

in place of Equation (8). In fact it has been the base of almost

all other investigations of this subject. These investigations were

mainly directed at finding an equation describing the deformation of

the soil under stress. Janosi was the first to present an equation

j based on the wheel kinematics. He derived an equation for the path

of a particle on the wheel rim, which is a looped cycloid. It has

the form:

j [oI.- io)(0 0  + sine - sin 0 ]

go
A
11
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where:

0 0 is the angle of contact of the wheel soil interface

e is the angle from the vertical, and

i 0 is the wheel slip.

This equation varies for different portions of the contact angle.

Substituting j in Equation (9) one obtains the shear distribution

and the nomal to shear stress relationship. Janosi himself recognizes

that this method involves a number of gross approximations and crude

assumptions.

( Reece and Onafeko 1 1 criticizing Janosi's approach to the problem

wrote:

"There are three things basically wrong with Janosi's theory:

a) The analysis starts by resolving the total stress on

an element of the rim into radial and tangential com-

ponents. There is no justification for further resolving

one of these components into vertical and horizontal

components. There are no grounds for distinguishing

between the horizontal component of the radial and

tangential stresses.

b) In the basic shear deformation test, the shear stress

is related to a deformation in the same direction.

Janosi assumes that the same numerical relationship

will apply when the stress is at an angle to the

deformation. This angle can be as large as 600 in

practice.

4
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I

c) There is no justification for the choice of the horizontal

i soil deformation as the one which gives rise to the shear

: Istresses, which are in a different direction."
Uffelman working on non-frictional soils assumed a uniform

tangential force distribution and showed that for purely cohesive

soils, a cylindrical wheel with no side wails would fail at a fixed

sinkage irrespective of actual value of soil cohesion or wheel width.

I Experiments validate his theory but it is limited only to purely

cohesive soils.

Vincent investigated the flow of sand past a rigid wheel and

recorded normal pressure distribution under the wheel in dry sand.

He concluded that for a towed wheel:

I "a) Compaction effects are small

b) Flow of sand occurs as a result of bulldozing

forming a bow wave.

c) The normal pressure of the sand against the

L surface of the wheel is of the form p = kzn.

d) The pressure of the sand on the surface of a

wheel can best be represented by two sets of soil values,

one during compaction and the other as the stress is re-

~lieved.

e) He acknowledges that flow, as the main process

for the conditions considered, offers a more realistic

approach to the problem."

B
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Hegedus9 continued Vincent efforts by measuring the normal

pressure distribution under rigid wheels. Summarizing his test

results he wrote:

v"a) The driving torque which depends on the tangential

forces becomes constant in sand when slip exceeds 30%. Thus

the assumption that cp = constant along the wheel soil inter-

j face is valid at least above 30% slip.

b) The sinkage and the shape of the normal pressure

jdistribution depend on slip.
c) The pressure is not zero at 0 = 21T.

I d) Lateral pressure distribution is not constant."

Sela10 working on dry sand which is purely frictional, used

Equation (9) where c = 0:

s =ptan:(l -e

i in calculating j , Sela introduced the simple assumpt.on that:

J = ( - io

I where:

= contact angle

Ic = angle from the vertical

thus assuming that the wheel behaves like a track. That is, the

deformation is In the direction of the stress and varies proportion-

ally to its distance from the leading edge. However, he introduced

a coefficient of proportionality, m , the behaviour of which he did

|
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113

* i not establish, thus leaving the problem open, although "a better under-

I standing of the skidding wheel-soil relationship was established."

Onafeko, Wong and Reece ru-evaluating the kinematics of the

I wheel and the path of the particles on its rim derived an expression

for j:

f el -) i) (sin 0, sin ()]

I where:

* 81 is the entry angle, that is, the coordinate of the
3 point where rim and soil surface meet

Although strictly correct mathematically, Equation (10) did notI
check satisfactorily with experiments. Criticizing this approach

Weindieck 16 stated that no true relationship could be correct taking

into consideration only the wheel kinematics. The complex soil flow

should be included as well.

Following Reece, many investigators tried to relate the shear

stresses and the tractive effort using energy considerations as an

approach. Others used the more sophisticated techniques of photo-

elasticity to determine the flow of soil under rigid wheels. However,

no satisfactory equation, predicting tractive effort performance

accurately, is known today.

The last one known to have measured stress distribution under

12
rigid wheels in sand is Krick. However, he did not develop pre-

diction equations.

A.B
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3. TEST OBJECTIVES

In view of the above, accurate measurements were needed to under-

stand the wheel sinkage phenomena and to analyze it. Actually, there

were two major objectives to this series of tests: first, to compare

measured and predicted pressure distributions under a rigid wheel for

the no-slip condition, secondly, to generate measured data for non

zero slip for use In future studies.

A third objective, which was no small task, was to make the new

i. wheel dynamometer operational. At the start of this program the

!dynamometer had just been delivered from the manufacturer. It was

necessary, before the program could commence, to check out, modify,

and calibrate the entire system. Actually, this part consumed more

than 80% of the time used in this work.

I

!I

I
I
I
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4. DESCRIPTION OF APPARATUS AND TEST PROCEDURES

S4-I Soil Bin

The tests were performed in the Davidson Laboratory soil

Ibin dynamometer. It Is 37 feet long, 3 feet wide and filled to a

Idepth of 24 inches with fine grain sand. The angle of internal

friction cp was measured to be 31 . The sand was air dry and con-

I tained a moisture content which varied between 0.6% and 1.0% by weight.

Using the flat plate bevameter technique the soil sinkage parameters|
I were detemined to be:

k =4.7 lb/in

k =0

In = 1.15

* j soil cohesion was negligible

Sela's soil parameters, which are used in this study were com-

puted to be:

Po = 0

z. = 0.85 inches

n = 1.51

k = 2.7 lb/inn-2

k1 = -0.5c

The soil was processed with a gyrotiller and levelling plate

before each test (see Fig. 3). The depth of the tillage was 18 inches

and the levelling plate insured a sand surface which was parallel to

the carriage rails. The sand was tilled sufficiently during theMI
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test period to maintain it in a uniformly air-dry condition.

After processing the soil, penetration readings (standard WES

cone penetrometer) and shear strength readings (Cohron shear graph)

were taken at 1 foot intervals along the centerline of the wheel

path to assure that soil properties did not vary significantly during

the test program.

4-2 Wheel Dynamometer

For the purpose of the project, of which this study is a

- part, a new wheel dynamometer was built (see Figure 4). By means of

extremely sensitive gauges mounted on the wheel shaft, this dyna-

mometer is able to measure all six orthogonal forces and moments acting

on the wheel.
The wheel shaft is mounted on a construction which is able to ji

3 move up and down as well as sideways and is driven by a hydraulic

i system.

This construction itself is mounted on a carriage moving on rails

i above the soil bin by means of an electric n.otor and a chain-sprocket Iarrangement. Thus the wheel can be easily moved in any desired

I direction.

I The wheel shaft is rotated by a hydraulic motor allowing an

infinite variation of speed.

The vertical load applied on the wheel is obtained by means of

a pneumatic system. By adjusting a difference of pressure between

I two reservoirs, the load on the wheel remains constant regardless

of wheel sinkage. A similar system enables one to maintain a constant

I

2 4
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horizontal force sideways; however, this system was not used for

these tests.

The wheel motor is driven by a hydraulic pump which, in turn,

is driven by an electric motor mounted on the carriage. All the

controls are electronic.

4-3 Instrumentation

a. General

The following quantities were measured and recorded:

W Vertical load on the wheel lbs

DP Drawbar-pull lbs

T Torque ft/lbs

z Wheel sinkage inches

V Wheel velocity ft/sec

V Carriage veiocity ft/sec

c Position of the transducers (Angle from B.C.C.) degrees

N Normal forces lbs

T Shear forces lbs

The vertical load on tha wheel was measured by a very sensitive

semiconductor strain gauge mounted on the wheel shaft. This gauge

was calibrated using dead weight loads.

In a similar way, gauges of the same kind, mounted on different

locations on the wheel shaft, were used to measure the drawbar-pull

force and the torque applied on the wheel.

I
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During calibration all interactions between gauges were measured

to enable corrections for cross-talk of the recorded data. *

The wheel sinkage was measured with a rutary potentiometer

mounted on the dynamometer carriage and referenced from the soil

surface. The wheel speed was controlled by adjusting a valve on

the hydraulic motor. These revolutions were measured by means of

Ia microswitch which opened when it contacted small screws specially

mounted on the wheel side well.

I The carriage velocity was varied by changing the speed of the

electric drive motor. The carriage velocity was measured through a
I microswitch which contacted event markers located at one foot intervals

I along the side rail of the soil bin.

The position of the transducers was measured by the angle their

radial axis made with the bottom-dead-center of the wheel. This was

achieved by means of a microswitch activated by event markers mounted

i on the wheel side 50 apart.

I b. Transducers Design

To measure The normal and shear stresses, a special

transducer was designed. The basic requirements in the design were:

a) Measurement of forces in horizontal and vertical direction

simultaneously.

b) As little as possible force interaction readings.

c) Transducer outputs should not be affected by the position

of the line of action of the forces.

d) Transducers should be small and as sensitive as possible.

EL
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First the investigations were directed at ring-like transducers,

which could achieve all the requirements above, using standard wire

strain gauges. They were designed so that by mounting the gauges on

the side of the rings and adding them in a wheatstone bridge, we

could get four times the output of one guge(see Figure 5).

I This de3ign was abandonned when we found out that we could use

semi-conductor gauges with 10-20 times larger outputs. Using these

gauges, we then turned to cantilever beams configurations. The final

design of the transducer consists of an L-shaped cantilever beam on

which semi-conductor gauges are cemented (see Figures 6 and 7). Due

I to the extreme sensitivity of the gauges, we could still have large

* enough readings after subtracting the outputs of gauges on the same

arm of the transducer. This subtraction achieved by putting the two

outputs of t .. 9zuges in adjacent arms of a wheatstone bridge enables

us to c the I:fluence of other forces on this arm, since they

.wproduce t, Iar-! constant moment (see Figure 8).

* For calibration purposes, a special rig was built (Figure 9)

with which dead weights were used. Calibration showed that the gauges

3i gave linear outputs. Shear forces influenced the normal outputs by

5% at the most, while normal forces did not have any readable in-

I fluence on the shear gauges readings. Due to the exact location of

I the gauges, lateral forces did not have any influence on either the

normal or the shear forces gauges.

|I

I

U
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x4

IM

I FIG. 7. TRANSDUCER WIRING

N e

T2L

0 Constant moment due to N x e

G Constant moment due to T x I and N x e

By substracting the outputs of T, T2 and N1 , N2 , we record only

the varying moments. The vertical arm measures the tangential stresses
only while the horizontal arm measures the normal stress.

FIG. 8. TRANSDUCER WORKING PRINCIPLE

-A
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FIG. 9. CALIBRATION RIG FOR TRANSDUCER

FIG. 10. TRANSDUCERS INSTALLED IN WHEEL
SIDE VIEW
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c. Wheel Construction and Transducer Installation

The wheel was made of individual sheets of marine grade

plywood. Each sheet was initially cut slightly oversize and then

aligned and bolted together into the desired thickness of the wheel.

The assembled wheel was then cut to final size on a band saw fitted

with a circle cutting attachment. Then the wheel was carved out to

accommodate the transducers (see Figure 10). The soil being quite

homogeneous and no side forces being applied, the pressure and shear

stress distributions are symmetrical. The transducers were inserted

into only half of the wheel width (Figure 11). Four transducers were

mounted to a carrying plate. They were numbered sn that transducer

no. 1 was installed in the middle of the wheel and others covered

the surface up to one-eighth inch from the edge of the wheel.

J The carrying plate was installed into the cut-out on

the wheel. The side opening in the wheel was covered with an aluminum

plate fitted so that it was flush with the wheel. On the circumference,

ia plate with windows fitted to the transducers was shaped and adjusted

so that it would not change the wheel profile. In order to be sure

I that the slip occurred between layers of sand and not between the

sand-wheel interface (Figures 11 and 12). The wheel rim, as well as

the measuring surfaces were covered with coarse sand paper.

I One of the major problems was the sealing of the gaps

between the wheel and the transducers. Many techniques were tried

*butthe transducer being very sensitive, picked up inputs due to the

4sealing forces. The idea of sealing the gaps was to protect the

a,... .
4
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NOT REPRODUCIBLE

FIG. 11. TRANSDUCERS INSTALLED IN THE WHEEL
TOP VIEW

ab

FiG. 12. GENERAL VIEW OF WHEEL

AND SLIP RING

1
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gauges from the abrasive effects of the sand. At last this objective

was achieved by coating the gauges with an anti-abrasive spray, and

leaving the gaps open but providing channels into the wheel to drain

the sand from the transducer pocket.

In order to connect the rotating transducers to the fixed recorder,

the leads coming out of the transducers were attached to a slip ring,

the fixed part of which was connected to cables going to the recorder

(see Figure 12).

Id. Recorders

The pressure and shear forces were recorded on a 8-chennel

recorder. U, this same recorder the contact angle of the transducers

I with respect to B.D.C. was recorded by activating a remote event

marker. A sample of these recordings is shown in Figure 13. The

load, drawbar-pull, sinkage and torque were recorded on a four-channel

recorder. The carriage velocity was recorded as pulses on the sinkage

output, the spacing of which was compared to the time recorded.

I Figure l shows a sample of these recordings. In the

same manner, a two-channel recorder was used to measure the wheel

I velocity. This was done by short circuiting an unbalanced channel

at regular intervals by means of a microswitch, and activated by

event markers on the wheel. Comparison of the intervals with the I
recorded time is shown on Figure 15.

I

21



R-1554

28

..~*K*4 ...- fT:T. .

FIG 13. SAPL REODIG OF
STES DITRBUIO



R- 1554

29

t; 1H if01'

L2 4 l "
-'i -fil

3 ,I:;; t t:ill ; f !!1 fi t. i

mil Ihli I 4il N l

I! fjt tll o il1

lilt.It I l, 1

IT
I f 111O



R- 1554

30

*4 41**. ' 4. 4 -*. .

Hr~~~~~~~~!, :11- Oillt iff!"11,I. '1 U l iTH1i;:!;
£ ~ ~ ~ ~ ~ ~ ~ ~ -i *-~~--7 ~I jl11; 1~!

.. ........ . .. ' ni li ;!I!

ill~~" 1111 ''
____f W1 . *i ,; l

*1~ * 4- _____.i ~: iiI'____

-1; _ _ p.,

i id 1 p 11l ,11; ;!i ii d O 11:i !1 it 111

j:;4

IG 15 SAPE EORIGOFWEEP

IfI- 4



R-1554

31

4-4 Test Procedures

Calibration tests were conducted on all measured parameters

prior to each series of tests. The wheel load gauge was statically

calibrated by using a pulley and weight arrangement. Wheel torque

and drawbar-pull were dynamically calibrated in order .o be as close

as possible to the true situation in the tests. Wheel sinkage was

calibrated by sinking the wheel at one-inch increments down into the

maximum depth expected.

Prior to each test run, the soil was tilled and levelled. The

j required wheel load was applied by filling a reservoir with air under

pressure and adjusting the pressure In a second reservoir connected

5 to the first one. The difference between pressures maintains the

load fixed during the run. Prior to each run the pressures were

checked and readjusted.

L i After the required load was applied, the carriage and the wheel

drive motors were activated.

Visual observation of the data recorders indicated that the

values of torque, sinkage, load and drawbar-pull stabilized in a

- very short distance (see Figure 14). It was therefore possible to

change the carriage velocity one-third of the way through the test

run and again two-thirds through the test so that three slip conditions

were achieved for each run.
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5. TEST RESULTS

5-I Data

Appendix I contains the raw data from all tests conducted.

Table I - Test Results for 200 lbs load

Table I - Test Results for 350 lbs load

rable III - Test Results for 500 lbs load

Using this data the values of wheel velocity, carriage velocity

and slip rate were calculated for each test condition.

Table IV - Contains the data for the stress distribution at
200 lbs

Table V - Contains the data for the stress distribution at
350 lbs

Table VI - Contains the data for the stress distribution at
500 lbs

5-2 Calculations

Wheel Velocity - Wheel velocity is defined as the tangential

velocity of a point on the circumference of the wheel. This velocity

was measured using a microswitch which contacted the event markers on

0.
the side of the wheel. These were fixed at 5 intervals. covering an

angle of 900 on the side of the wheel, and measured the actual velocity

of the wheel during the time the pressure cells were in contact with

the sand.

To calculate the velocity, the time used by the microswitch to

travel 90o0 was multiplied by 4 to yield tw the number of seconds re-

quired to complete a wheel revolution.

[j
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During one revolution a point on the circumference moves 1TD

inciies. Therefore, the wheel velocity, in feet per second, is calcu-

lated as:

=TtD/l2

tw

Carriage Velocity - Carriage velocity is ined as the

velocity of a point moving with .the carriage and ident with the _.

linear velocity of the axis of the wheel. This veloeity was measured

using a microswitch which contacted markers located one-foot apart

along the test bin. The carriage velocity is obtained directly by

comparing the number of contacts touched by the microswitch on a

" certain span with the time required to travel along this span.

Therefore, j

c t
UC

Slip Rate - S1ip rate is defined by and calculated from:

V -V

w c

16,ure va,23, 24, 29,qu 30).wbrplaeplte
16, 17., 23., 24 , 29, 30). '

Plots of the stress distribution for variable loads and

slips are given in Figures 18 through 35.

'N
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6. DISCUSSION OF RESULTS

6-1 Validation Check

To check the accuracy of the stress measurements, the data

for the stresses was integrated according to Equations (1) and (3).

Then these results were compared to the external forces:

W = bj p(a)coscda + b 1 s(ao)sinoydo (I)

D2 °tl

Q =(R jIic)d (3)
2

Graphical techniques were used for the Integrations. For every slip,

39.

As seen from the plots, the results for the torque agree closely,

while the integrated values for the load yield values 10% higher than

the measured load in the high-slip range. This may be attributed

to the fact that the readings were affected by the bouncing of the

wheel at high slip rates and the curves had to be smoothed to perform

integration (an example of such a reading is given in Figure 40).

Besides the measured load is an average value, while the measured

stresses are instantaneous. Thus the comparison is difficult. At

'C'
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high slips the changes in load are as large as ±30 lbs.

6-2 Comparison with Prediction Equations

Figures 20, 26., and 32 show a comparison of measured and

predicted pressure distribution near zero slip. Sela's Equation (7)

yields a curve closer to the measured one than does Bekker's Equation

(4). However, the pressure predicted by both equations deviates signi-

ficantly from the measured pressure in the region a= 0. Actually

they predict a maximum pressure where it is close to nil.

Taking this into consideration, Sela in computing the perfor-

mance of the wheel, neglects the load supported by the shear stresses,

thus compensating for the excess area under the curve.

I One of the objectives of this thesis was to check this assumption.

Figure 41 shows a comparison of the load supported by the shear stresses

Iarea (1) to the load supported by the excess area (2) under the pre-

diction curves as given by Equation (7). Although the shear stresses

area (1) is much smaller than the excess area (2), this difference

is compensated for by areas (3) and (4) which are not included in the

prediction graph.

We see then. that near zero slip predictions based on Equation (7)

assuming that all the load is supported by the normal pressure are

validW, with 6% error at the most.

1 6-3 Stress Behavior

Figures 18 through 36 show graphs of radial and shear stress

distribution for each of the three loads. For every load2 representa-

tive graphs of the series of tests are shown. One is for the towedI
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wheel (negative sli?) one near the self-propelled point, and the

other at medium and large slip rates. On some of the graphs (near

zero slip) predicted distributions are shown.

Obviously, the radial pressure distribution deviates from the

predictive equation and the deviation grows larger with increasing

slip.

The measured pressure Is more symmetrical in shape than the

predictive equations and the maximum pressure occurs well forward of

bottom dead center. This peak moves forward with increasing slip.

The shear stresses increase with slip and the ratio of shear to

normal stresses becomes as higl as 60% for high slips. On the other

hand, the pressure decreases with slip.

At all positive slips the tangential stresses are positive,

although they show a minimum at the same angle the radial stress is

at a maximum.

Near zero slip the shear stresses are still positive. When

negative slip occurs (towed wheel) a zone of negative shear develops

at the rear of the contact surface. At zero torque, the negative

and positive slips are equal.

The lateral distribution shows only slight changes with slip or

load. It always shows a loss of strength at the edge of the wheel,

while along the wheel width it is more or less constant. At the

center, it is slightly higher and for high slips the loss of strength

begins at the center. The change in wheel load changes the pressure

values, but the general form of the curve remains unchanged.

I
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7. CONCLUSIONS

The results of these tests lead to the following conclusions

about the prediction of wheel performance:

(1) The basic assumption that the radial stresses beneath a

rigid wheel are equal to the pressure beneath a strip footing of

the same width at the same depth is not generally true. The actual

stress distribution has its peak value forward of bottom dead center

and this moves further forward with increasing siip.

(2) However, for zero slip (or near it) Sela's Equation (7) can

be used with good accuracy.

From the good correlation given by the results of these tests,

we may conclude that the equipment built for this study served its

purpose very well. Good results were yielded by the dynamometer,

although some of its components, which would have given even more

accurate results, were not completely assembled. The transducers

were very sensitive and gave a better performance than expected.I
I, 2

#1
I
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8. RECOMENDATIONS

1. To complete this study, we recommend that some tests

be conducted in cohesive soils and soils with both

cohesion and friction.

2. In order to get better performance predictions, any

equation describing radial pressure distribution has

to be a function of slip.

3. A comprehensive shear stress-slip theory which takes

into account the soil flow should be developed to fill

the gap left open in soil-vehicle system analysis.

I
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APPENDIX -

This Appendix contains all the raw data gathered during the

.1 tests.

Tables 1, I and III contain all the results of the tests,

except the stress distribution reading.

I Tables IV, V and VI contain the data for the stress distribution

readings. In these tables, only the data read by the center trans-! I
5 ducer Is listed. For the other three transducers, only the values

of the peak stresses are listed because their curves are Identical

in shape with the first one.

3f Gauge number I is at the center of the wheel, number 4 is close

to the edge. 3
77

I I

~1I 'I
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Table I

RAW DATA TEST LOAD - 200 LBS

Test No. V Vw  Slip Sinkage Load DP Torque

(ft/sec) (ft/sec) (%) (in) (lb) (lb) (ft-lb)

200-1-1 1.16 1.2 3.3 1.7 200 0 55

200-1-2 1.14 1.17 2.5 1.7 200 0 50

200-2-1 1.0 0.83 -20.5 1.8 195 -50 25

200-2-2 1.0 0.77 -30.0 1.9 200 -60 10

200-2-3 0.93 0.83 -12 1.7 210 -25 30

200-3-1 0.7 0.6 -16.6 1.8 200 -30 30

200-3-2 0.625 0.57 - 9.6 1.7 210 -22 50

200-4-i 0.57 0.545 - 4.6 1.7 200 -1.0 50

2oo-4-2 0.55 0.5 - 4 1.7 210 -10 50

2oo-4-3 0.375 o.4 6.3 1.7 205 10 80

200-5-1 0.333 0.33 - 1 1.7 200 - 5 50

200-5-2 0.25 0.255 4 1.7 200 - 2 60

200-6-1 0.277 0.4o07 32 2.2 200 40 110

200-6-2 0.227 o. 366 38.2 2.5 200 4o 1O

200-6-3 0.152 0.314 52 2.8 200 45 110a
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Table 2 ii
*RAW DATA TEST LOAD - 350 LBS

Test No. V V Slip Sinkage Load DP Torque

S(ft/sec) (ft/se.) % (in), (b) (ft-lb)

350-1-1 1.11 1.14 2.v 2.7 340 - 4 125

350-1-2 1.11 1.12 0.8 2.7 340 - 5 125

350-1-3 1.00 1.09 8.3 3.0 345 20 135

1 350-2-1 1.00 0.8 -1. 2.8 3i5 -05

350-2-2 0.95 0.83 -14.4 2.8 345 -50 50 j
350-3-1 0.91 0.83 - 9.6 2.7 345 -50 75 -

-* 350-3-2 0.825 0.74 -11.5 2.7 350 -50 85

35o-4-I 0.62 0.63 1.6 2.7 350 - 5 130

350-5-1 o.465 0.515 9.7 3.0 350 20 158 j
350-6-1 0.345 o.416 17 3.1 350 30 1701

350-6-2 0.244 0.284 14.1 3.0 350 25 160 

350-6-3 0.4 .165 15 3.0 350 25 16o

350-7-1 0.361 0.672 46.5 4.o 350 35 230

350-7-2 0.274 0.624 56 4,3 350 35 235

350-7-3 0.200 0.588 66 4.7 350 35 235

!

I
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Table 3

RAW DATA TEST LOAD - 500 LBS

Test No. Vc  Vw  Slip Sinkage Load UP Torque

(ft/sec) (ft/sec) (%) (in) (lb) (lb) (ft/lb)

500-1-1 1.25 114 -9.5 4.2 500 -20 170

500-1-2 1.00 1.02 2 4.2 500 - 5 225

500-1-3 1.00 1.09 8.3 4.3 500 5 230

500-2-1 0.82 1.01 1M.o 4.5 500 15 240

500-2-2 0.80 0.95 15.8 4.5 500 15 250

500-3-1 0.79 0.91 13 4.5 500 15 235

500-3-2 0.60 0.65 20 4.7 500 20 280

500-4-1 0.56 0.73 23 4.7 500 25 280

5oo-4-2 0.50 0.625 25 4.8 500 28 300

5oo-4-3 o.445 o.635 30 5.0 500 30 300

500-5-1 0.345 o.485 29 5.0 500 30 300

500-5-2 0.25 o.41 39 5.2 500 30 300

500-7-1 0.58 o.65 11 4.4 500 10 265

500-7-2 o.445 O.56 21.5 4.6 500 20 280

5o0-8-I 0.14 0.22 36.5 5.1 500 30 300
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Table 4

STRESS DISTRIBUTION READINGS; 200 LBS

Test f 200-I-I Test i00-1-2 Test ll 00-2-1

a Ip s p s p s
(degrees) (psi) (psi) (psi) (psi) (psi) (psi)

1 5 0.35 0 0.18 0 0 0

0 3.2 1.06 2.66 1.42 2.86 -0.9

15 9.6 2.12 8.9 4.26 9.6 -0.35

10 12.4 1.84 12.1 3.9 12.8 0.35

15 12.8 2.12 12.1 3.9 11.8 1.06

1 20 11.4 2.32 10.8 4.6 9.6 1.8

25 6.0 1.78 4.6 2.13 6.0 2.14

30 0.71 0 0.35 0 1.8 i.06

35 0 0 0 0 0 0

Peak Stresses Peak Stresses Peak Stresses
Gauge No. p s p s p s

1 12.8 2.32 12.1 4.6 12.8 2.14

2 12.4 2.1 11.6 3.6 12.4 2.1h

3 12.4 2.1 I o.6 2.84 11.0 1.42

4 11.4 1.78 10.3 1.78 1o.6 1.06 T.

I
i4

1 -
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Table 4 (continued)

Stress Distribution Readings; 200 lbs

Test *00-2-2 Test #200-2-3 Test #200-3-1

p s p S p s
(degrees) (psi) (psi) (psi) (psi) (psi) (psi)

-5 0.35 -0.35 0.35 -0.35 1.06 -1.06

o 4.24 -1.24 3.5 -1.o6 6.4 -i.o6

5 10.0 -0.71 11.4 -0.53 13.2 -0.71

10 13.0 -0.28 13.2 0.35 13.2 +0.35

15 11.0 +0.53 12.1 0.71 11.8 0.89

20 7.8 1.42 8.2 2.14 8.9 1.42

25 3.5 1.2, 3.5 1.42 4.3 2.14

30 0 0 0 0 0.35 0.35

35 0 0 0 C0

Peak Stresses Peak Stresses Peak Stresses
Gauge No. p s p s p s

1 13 1.42 13.2 2.14 13.2 2.14

2 12.5 1.25 13.0 2.14 13.0 2.14

3 11.2 0.89 12.1 1.42 12.1 1.8

4 10.8 0.71 11;4 1.06 11.4 1.06

1,i

'g4
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Test Table 4 (continued)

Stress Distribution Readings; 200 lbs

Tes -#00-3-2 Test #2oo-4-i Test #200-4-2

p S p spS
(degrees) (psi) (psi) (psi) (psi) (psi) (psi)

-5 1.42 -0.71 0 0 0 0

0 8.50 -0.35 2.14 -0.71 2.84 -0.35

5 14.2 -35.~ 8.2 -0.35 11.0 1.42

10 13.6 0.71 12.8 0 13.2 1.78

15 12.1 1.06 12.8 0.35 12.8 2.14

20 8.-2 1.96 11.8 0.89 11.0 2.5

25 3.5 2.14 8.2 1.78 5.0 1.78

30 0 0 3.2 1.42 0 0

I35 0 0 0 0 0 0

Peak Stresses Peak Stresses Peak Stresses
Gauge No. P- s P2 .s P-1 14.2 2.14 12.8 1.78 13.2 2.5

2 13.8 2.14 12.8 1.78 12.8 2.5

3 13.2 1.78 12.8 1.78 11.8 2.14 114 12.4 1.42 11.8 1.42 11.8 1.78
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Table 4 (continued)

Stress Distribution Readings; 200 lbs

Test #200-4-3 Test #200-5-1 Test #200-5-2

p s p s p s(degrees) (psi) (psi) (psi) (psi) (psi) (psi)

-5 0 0 0 0 0.35 0

0 3-5 1.42 2.14 -0.2 2.84 0.71

5 i0-3 2.5 9.2 i.06 10.3 2-5

10 12.1 2.5 12.1 1.06 12.8 2.5

15 12.1 2.5 12.1 1.42 12.8 2.84

20 10.0 2.84 10.3 1.78 10.3 2.84
25 4.7 1.78 5.0 1.42 1.78 0.71

30 0 0 0 0 0 0

Peak Stresses Peak Stresses Peak Stresses

GaMeNo. £ s p s p s
1 12.1 2.84 12.1 1.78 12.8 2.84

2 11.4 2.8 11.7 1.78 12.4 2.84

3 11.4 2.5 11.4 1.42 12.1 2.5

4 11.4 2.5 11.4 1.06 |U -7 1.78

A
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Table 4 (continued)

Stress Distribution Readings; 200 lbs-

Test #200-6-1 Test #200-6-2 Test #200-6-3

C1p s p s p s
(degrees) (psi) (psi) (psi) (psi) isi) (psi)

1 -5 0.71 0 0.71 0 0-35 0.35

0 1.78 1.42 1.06 1.06 I.36 1.78
5 3.9 3.9 2.5 2.5 3.5 3-5

10 6.4 5.3 3-9 3.9 5.7 4.8

15 8.9 7.8 8.7 7.1 6.4 4.8

1 20 10.5 8.2 11.7 7.5 7.3 5-3

i 25 11.7 8.0 12.1 7.9 8.9 6.05

30 11.4 7.4 11.0 6.4 11.7 5.2

35 3.1 2.12 4.6 3.5 2.12 1.06

40 0 0 0 0 0 0

* Peak Stresses Peak Stresses Peak Stresses

* Gauge No. p s s ps

1 11.7 8.2 12.1 7.9 11.7 6.05

2 9.5 6.5 9.6 6.4 9.2 4.8

3 9.0 5.7 9.2 5.7 8.5 3.5

4 8.7 3.5 8.9 3.5 7.6 1.78
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Table 5
Stress Distribution Readings; 350 lbs

Test #350-;-I Test #350-1-2 Test #350-1-3
p s p s P s(degrees) (psi) (psi) (psi) (psi) (psi) (psi)

-10 0 0 0 0 0 0
- 5 0.2 0 0 0 0.9 0.71
0 2.84 0.35 3.2 0.35 3-5 2.5
5 11.4 1.78 13.2 3.2 12.1 3.5

1o 14.6 2.14 16.4 3.9 16.4 2.5
15 14.6 2.5 16.7 4.7 16.4 2.5
20 13.2 2.84 16.0 5.0 14.9 3.5
25 8.9 2.84 12.4 5.0 12.1 3-9
30 3.2 1.42 9.2 4.7 5.0 3.2
35 0.71 0-35 1-7 0.71 0.71 0.35
40 0.35 0 071 0.35 0 045 0 0 0 0 0 0

Peak Stresses Peak Stresses Peak Stresses

Gauqe No s.2 s R s
1 14.6 2.84 16.7 5 16.4 3.9
2 14.6 2.84 15.0 4.7 15.3 3.9
3 14.2 2.5 14.2 3.2 15.3 3.5

4 13.8 1.78 13.8 2.14 14.2 2.5

/
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Table 5 (continued)

Stress Distribution Readings; 350 lbs

Test #350-2-1 Test #350-2-2 Test #350-3-I

C P s p s p s_..eg ree s) (psi) (s (psi) (psi) (psi) (psi)

i -15 0 0 0 0 0 0

-10 0 0 0 0 0 0
- 5 0.71 0 0.35 -0.35 0.35 -0.35

A 0 3.5 -1.03 3.2 -071 4.7 -. 6

5 11.3 -0.35 11.0 -0.35 14.2 1.42

10 15.9 +0.35 16.0 +0.35 16.4 1.42

15 15.6 1.78 15.2 0.71 16.4 2.14

20 13.8 2.84 14.2 1.42 14.9 2.84
25 9.9 3.9 11.0 1.78 11.4 3.2

30 5.3 3.2 5.0 1.78 5.7 2.84

35 0.71 0.71 0.35 0.35 0.71 0.35

40 0 0 o 0 0 0

45 0 0 o0 0 0

Peak Stresses Peak Stresses Peak Stresses

Gauge No. s s

1 15.9 3.9 16.0 1.78 16.4 3.2

2 15.6 3.2 14.9 1.78 15.2 2.84

3 15.2 2.84 14.9 1.42 15.2 2.5

1 4 14.8 2.5 14.2 1.06 14.2 1.42

I
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Table 5 (continued)

Stress Distribution Readings; 3510 lbs

Test #350-3-2 Test #350-4-I Test #350-5-1
a p s p s p s(degrees) (psi) (psi) (psi) (psi) (psi) (psi)

-15 0 0 0 0 0 0
-10 0 0 0 0 0 0

-5 1.06 -0.71 1.78 0.71 0 0
0 6.4 -1.06 9.6 2.6 3-5 0.71
5 15.7 -0.71 14.9 2.1 12.8 2.14

10 16.8 0 16.0 2.1 16.4 2.84

15 15.3 +0.35 15.6 2.84 17o0 2.84
20 14.2 0.71 14.2 2.84 15.6 3-5

25 10.6 1.78 11.4 2.84 12.8 3.5
30 5.0 2.14 5-3 2.1 78 3.5

35 1.06 I.06 0 0 2.14 1.42

40 0 0 0 0 0 0

45 0 0 0 0 0 0

Peak Stresses Peak Stresses Peak Stresses

Gauge No. p s p s p s
1 16.8 2.14 16.0 2.84 17.0 3.5

2 15.7 1.78 15.7 2.84 17.0 3-5
3 15.7 1.78 15.0 2.14 15.6 3.5

4 14.2 1.42 14.2 1.78 15.6 2.14

L
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Table 5 (continued)

Stress Distribution Readings; 350 lbs

Test #350-6-1 Test #350-6-2 Test #350-6-3

cY p s p s p s(degrees) (psi) (psi) (psi) (psi) (psi) (psi)
-15 0 0 0 0 0 0

-10 2 1 0 0 0 0

- 5 3.42 1.42 0-71 0.71 1.42 1.42

0 7.4 4.2 9.2 6.0 8-5 5

5 13.0 5-0 14.2 5.7 14.2 5

10 16.2 5.0 17.0 5-7 16.5 4.2
15 14.5 5.7 17.0 5-7 15.7 51 20 13.8 5.7 14.2 6.0 14.3 5.7

25 10.6 5.0 10.6 6.0 12.2 5.7
30 4.2 2.14 5.0 3-5 5-7 3.5

1 35 2 0 2.8 0.71 0 0
40 0 0 0 0 0 0

45 0 0 0 0 0 0

Peak Stresses Peak Stresses Peak Stresses

Gauge No. p s p s p s

1 16.2 5.7 17.0 6.0 16.5 5.7
2 13.8 5.0 17.0 5-7 15-7 5.7

1 3 13.0 5.0 16.3 5.0 15.0 5.0

4 12.0 2.84 15.6 3.5 15.0 4.2

A
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Table 5 (continued)

Stress Distribution Readings; 350 lbs

Test #350-7-1 Test #350-7-2 Test #350-7-3-a P s P s ps
(degrees) (psi) (psi) (psi) (psi) (psi) (psi)

-15 0 0 0 0 0 0
-10 1.42 1.42 0.71 0.71 1.42 1.42
" 5 4.25 3.5 1.42 1.42 2.14 2.14

0 5.32 5.0 3.5 3-5 2.84 2.84

5 7.1 5.7 8.4 7.8 5.0 5.0

10 11.8 7.6 11.4 7.8 9.1 5.7

15 14.8 7.6 11.4 7.8 10.7 7.1

20 15.7 8.2 14.9 7.1 13-5 6.4
25 15.0 8.2 16.3 7.1 16.o 5.0
30 14.3 8.0 13.5 6.4 14.2 3.5I 35 8.6 5 6.4 4.3 12.1 2.84

40 2.3 1.42 4.3 2.14 3.5 2.14

45 0 0 0 0 0 0

Peak Stresses Peak Stresses Peak Stresses

Gauge No. p s p p
1 15.5 8.2 16.3 7.8 17.0 7.1

2 14.2 8.2 14.2 7.1 14.2 6.4

3 12.8 7.1 12.1 6.4 11.4 5.7

4 10.6 5-7 I0.6 2.!4 8.4 5.0

i
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Table 6

Stress Distribution Readings; 500 lbs

I Test #500-1-1 Test #500-1-2 Test #500-1-3
p s p s p s

] (degrees) (psi) (psi) (psi) (psi) (psi) (psi)

-15 0 0 0 0 0 0

-10 0 0 0 Q 0 0

- 5 3.5 -0.71 0.71 0.71 1.42 1.42
0 12.8 -1.42 10.0 3.5 9.2 2.84

5 22.0 -2.3 17.0 2.8 15.6 3.55

10 24.8 -1.42 23.4 2.3 22.7 2.14

1 15 23.4 0 25.5 2.3 25.5 1.42

20 20.0 +1.42 23.4 3.5 22-7 2.84

1 25 16.3 +2-3 18.4 4.2 18.4 3-55
30 10.8 +2.84 14.2 5.0 12.0 4.25

35 7.1 +2.3 8.6 4.7 5.7 3.55
40 2-3 +1.42 2.3 0.71 1.42 1.42

45 0 0 0 0 0 0

Peak Stresses Peak Stresses Peak Stresses

GaUge No. p- s - Ap
1 24.8 2.84 25.5 5.0 25.5 4.25

2 24.1 2.14 24.8 4.25 24.8 3.55

3 24.1 2.14 24.0 3.55 24.1 2.84

4 23.4 1.42 24.0 2.84 23.4 2.84

1
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Table 6 (continued)

Stress Distribution Readings; 500 lbs

Test #500-2-1 Test #500-2-2 Test #500-3-1
01 p s p s p s(degrees) (psi) (psi) (psi) (psi) (psi) (psi)

-15 0 0 0 0 0 0

-10 0.35 0 0 0 0.35 0

- 5 2.14 1.42 0.71 0.71 2.14 2.14

0 5.0 3.55 5.0 5.0 6.4 5.0

5 12.7 4.25 11.4 7.1 12.8 5.7

10 17.0 3.55 18.4 5.7 18.4 5.0

15 23.4 2.14 24.8 5.0 24.2 4.3

20 24.8 3.55 25.5 5.0 22.7 4,3

25 22.0 4.28 24.2 5.7 21.4 5.0

30 16.3 4.28 19.2 6.4 177 5.77

35 1o.6 4.28 12.0 6.4 12.1 5.0

40 4.25 2.14 5 2.14 5.7 2.14

45 0 0 0 0 0 0

Peak Stresses Peak Stresses Peak Stresses

Gauge No. p s p s p s

1 24.8 4.25 25.5 7.1 24.2 5.7

2 24.2 4.25 24.8 6.4 24.2 5.0

3 24.2 3.55 24.0 6.4 23.4 5.0

4 23.4 2.84 22.7 5.0 22.7 4.3
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Table 6 (continued)

Stress Distribution Readings; 500 lbs

Test #500-3-2 Test #500-4-1 Test #500-4-2

p s p s p s
(degrees) (psi) (psi) (psi) (psi) (psi) (psi)

-15 0 0 0 0 0 0

-10 0.71 0.71 0.71 0.71 o.71 0.71

- 5 2.14 2.14 2.14 2.11 2.14.

0 5.0 5.0 6.4 5.0 6.4 5.0

5 10.6 5.7 12.8 6.4 12.1 .1

1 10 17.7 4.3 17.0 5.7 21.4 7.1

15 22.7 2.84 22.7 5.0 22.7 6.4

20 24.8 2.84 24.8 5.0 25.5 6.4

1 25 24.1 2.84 23.4 5.7 23.4 7.1

30 20.6 3.55 21.4 6.4 21.4 7.8
35 16.3 4.3 17.0 6.4 13.5 5.0

40 8.5 2.84 10.0 4.3 7.1 3.5
45 2.14 1.42 3.5 2.84 2.14 2.1

50 0 0 0 0 0 0

Peak Stresses Peak Stresses Peak Stresses

I Gauge No. p s p s p s

1 24.8 5.7 24.8 6.4 25.5 7.8

2 24.8 5.7 24.1 5.7 24.2 6.4

1 3 22.7 5.0 23.4 5.0 21.4 5.7

4 22.0 4.3 22.7 4.3 20.0 4.3

I
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Table 6 (continued)

Stress Distribution Readings; 500 lbs

Test #500-4-3 Test #500-5-1 s ,#-0-5-2

p s p s p s
(degrees) (psi) (psi) (psi) (psi) (psi) (psi)

-15 0 0 0 0 0 0

-10 0.35 0.35 0 0 0.71 0.71

- 5 1.42 l.4i2 1.4. 1.42 1.o0S 1.06

0 5.7 4.3 3.5 3.5 3.5 3.5

5 12.8 5.7 8.5 6.4 7.8 6.4

10 19.2 4.3 14.9 6.4 14.2 8.6

15 23.4 3.5 20.0 5.0 21.8 7.1

20 25.5 3.5 24.2 4.3 24.2 5.7

25 24.2 3.5 24.9 5.0 25.0 5.7

30 23.4 3.5 22.0 5.7 18.4 7.1

35 12.1 5.0 17.8 6.4 14.2 7.1

40 5.0 5.0 9.2 3.5 10.6 5.7

45 0 0 3.5 2.15 3.5 2.84

50 0 0 0 0 0 0

Peak Stresses Peak Stresses Peak Stresses

Gauge No. p s p s p s

1 25.5 5.7 24.9 6.4 25 8.6

2 24.2 5.7 24.2 6.4 24.2 7.1

3 21.4 4,3 23.4 5.7 23.4 6.4

4 20.0 3.5 20.0 4.3 20.0 5.0
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Table 6 (continued) IJ

Stress Distribution Readings; 500 lbs

Test #500-7-7 Test #500-7-2 Test #500-8-1

1 p S p s p S
(degrees) (psi) (psi) (psi) (psi) (psi) (psi)

1 -15 0 0 0 0 0 0

-10 0.35 0 0.35 0 0.71 .71
S-5 1.4 2 0.71 1.06 0.71 2.1 M42.I

I0 7.1 3.2 5.3 3.2 3.5 3.5

5 14.5 2.8 12.0 5.0 10.0 7.1

I 10 23.0 0.71 19.2 3.5 17.1 7.1
15 25.5 0.42 24.2 2.8 24.2 5.7

20 24.2 1.42 24.9 3.5 25.5 5.7

* 25 20.0 2.35 20.6 4.3 24.8 5.7

30 1.0 2.84 15.6 3.2 22.7 5.7

35 7.1 2.84 10.0 2.8 10.0 5.7

40 3.5 1.4 4.27 1.42 5.7 2.8

1 45 0 0 0 0 1.42 1.42

i Peak Stresses Peak Stresses Peak Stresses

Gauge No. p s p s p s

1 1 25.5 2.84 24.9 5.0 25.5 7.1

2 24.8 2.84 24.1 4.3 24.8 6,4

1 3 24.0 2.14 22.7 4.3 24,2 6.4

4 22.7 1.78 22.0 3.5 23.4 5-7

I

j


